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DNA polymerases must quickly and accurately
distinguish between similar nucleic acids to form
Watson-Crick base pairs and avoid DNA replication
errors. Deoxynucleoside triphosphate (dNTP) bind-
ing to the DNA polymerase active site induces a large
conformational change that is difficult to charac-
terize experimentally on an atomic level. Here, we
report an X-ray crystal structure of DNA polymerase
I bound to DNA in the open conformation with a
dNTP present in the active site. We use this structure
to computationally simulate the open to closed tran-
sition of DNA polymerase in the presence of a
Watson-Crick base pair. Our microsecond simula-
tions allowed us to characterize the key steps
involved in active site assembly, and propose the
sequence of events involved in the prechemistry
steps of DNA polymerase catalysis. They also reveal
new features of the polymerase mechanism, such as
a conserved histidine as a potential proton acceptor
from the primer 30-hydroxyl.
INTRODUCTION
DNA polymerases are vital to DNA replication and repair in
organisms. The utility of DNA polymerases in polymerase chain
reactions (PCR) is also vital to biotechnology. Speed and
accuracy are critical for DNA polymerases, which can add nu-
cleotides to a primer DNA strand tens to hundreds of times
per second while only making a misincorporation once every
10,000–100,000 bases (Kunkel, 2004). During each nucleotide
incorporation, DNA polymerase must quickly identify and bind
the correct complementary deoxyribose nucleoside triphos-
phate (dNTP) despite the desired base being greatly outnum-
bered by incorrect dNTPs and ribonucleoside triphosphates
(rNTPs) within the cell. During this process, DNA polymerases
undergo large conformational changes necessary for dNTP
discrimination and binding. The rates of correct and incorrect
dNTP incorporation may be limited by conformational changes
associated with proper assembly of the active site (Dahlberg
and Benkovic, 1991), thus it is important to obtain a clearer un-
derstanding of how these changes occur.Structure 23, 1609–16DNA polymerase I consists of 50/30 exonuclease, 30/50
exonuclease, and polymerase domains. The Klenow fragment
of DNA polymerase I is an N-terminal deletion of the 50/30
exonuclease domain, dispensable for DNA synthesis (Klenow
and Henningsen, 1970). Within the Klenow fragment, the poly-
merase domain structurally resembles the shape of a human
hand with a thumb subdomain that grasps the DNA, a palm sub-
domain that contains the active site, and amobile fingers subdo-
main involved in dNTP binding (Derbyshire et al., 1988; Kiefer
et al., 1997). The thumb (residues 496–595 in DNA polymerase
I from Bacillus stearothermophilus [BF]), palm (BF residues
617–655 and 830–869), and fingers (BF residues 656–818) sub-
domains of DNA polymerase were named based on their posi-
tioning around the bound DNA as observed in crystal structures.
The fingers subdomain consists of multiple a helices, highlighted
by the O helix, that directly interact with the dNTP substrate upon
binding. X-Ray crystallographic studies have shown the fingers
subdomain in three distinct conformations, which are dependent
on the presence or absence of a dNTP in the active site (Doublie´
et al., 1998, 1999; Johnson et al., 2003; Li et al., 1998b; Wu and
Beese, 2011). The fingers subdomain primarily resides in an
‘‘open’’ conformation with no dNTP bound (binary state) to the
polymerase. Upon binding of a dNTP (ternary state) that forms
a proper Watson-Crick base pair with the template strand, the
fingers subdomain enters a ‘‘closed’’ conformation that helps
position the substrate in the active site during catalysis (Doublie´
et al., 1998; Steitz, 1998). Recently a third, ‘‘ajar’’ conformation
was discovered, which places the fingers domain in a semi-
open state when a mismatched dNTP binds with the template
strand (Wu and Beese, 2011).
These three conformations have been characterized using
solution fluorescence studies (Bermek et al., 2011; Hohlbein
et al., 2013; Johnson, 2010; Joyce, 2010) that probe the kinetics
of the enzyme during nucleotide binding and selection (Fig-
ure 1A). After the enzyme binds DNA containing a primer strand
and template strand with a 50-overhang (step 1), the enzyme pri-
marily adopts the open conformation (EO), ready to receive a
dNTP substrate. A magnesium(II) ion accompanies the dNTP
into the active site (Bermek et al., 2011; Mullen et al., 1990)
(step 2.0) and induces the fingers subdomain to partially close
(EPC) and the DNA template overhang to rearrange (step 2.1).
Advancement of the polymerase ternary complex to the closed
state (EC) is energetically favorable if the template and dNTP
form a Watson-Crick base pair (step 2.2) but unfavorable if the
dNTP is mismatched (Hohlbein et al., 2013; Santoso et al.,
2010; Wu and Beese, 2011). A second magnesium(II) ion must20, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1609
Figure 1. Key Steps and Sites during Complementary dNTP Binding by DNA Polymerase I
(A) Reaction pathway derived from solution fluorescence studies of DNA polymerase I. EO, EPC, and EC represent the open, partially closed, and closed
conformations of the polymerase, respectively. DNA* corresponds to a conformational change of the template DNA strand induced by binding of a comple-
mentary nucleotide (d or rNTP). Modified from Bermek et al. (2013) and Hohlbein et al. (2013). Steps involving ribonucleotides andmismatch dNTPs were omitted
for clarity.
(B) Depiction of the magnesium ion locations in the active site of DNA polymerase I from PDB: 1LV5.bind to the ternary complex (step 3) prior to phosphodiester
bond formation (Bermek et al., 2011). Despite elucidation of
these details, researchers have yet to confirm these atomistic
details or agree on a rate-limiting step for nucleotide insertion
(Mulholland et al., 2012; Ram Prasad et al., 2012; Schlick et al.,
2012).
The mechanism of binding reactants and subsequently
releasing products post elongation has been studied exten-
sively, but mechanistic details for the closing of the fingers
domain have never been elucidated. The O helix undergoes a
40 rotation when the fingers close around the bound comple-
mentary dNTP, while the side chains of several amino acids on
the helix are involved in key protein-ligand interactions. From
close examination of the ternary closed crystal structure, it can
be hypothesized that an arginine and lysine in the O helix form
salt bridges to help neutralize the negative charge of the triphos-
phate on the dNTP, while a tyrosine near the active site may play
a key role in substrate specificity and closing of the fingers
domain. In addition, experiments show that two magnesium
ions (Mg2+) also bind near the triphosphate of the dNTP (Figure 1)
and aid in substrate recognition and specificity (Batra et al.,
2006; Yang et al., 2006). One of the magnesium ions binds in
‘‘metal site A’’ near the dNTP alpha-phosphate (Pa), and helps
to stabilize the negative charge buildup during catalysis between
the nucleophilic 30-OH on the primer strand and the Pa. The sec-
ond Mg2+ binds at ‘‘metal site B’’ and is coordinated with the
oxygen atoms attached to Pb and Pg on the dNTP, as well as
two acidic amino acids (Asp653 and Asp830 for BF) on the
enzyme. The order with which Mg2+ ions bind to the DNA poly-
merase I active site has not been fully resolved. The answers
to this and other major questions, such as how dNTP binding in-
duces the polymerase to close and what barriers prevent
mismatch incorporation, remain unclear (Johnson, 2010).
Although several structures of the ternary (closed and ajar) and1610 Structure 23, 1609–1620, September 1, 2015 ª2015 Elsevier Ltbinary (open) conformations have been resolved using X-ray
crystallography, static structures reveal little about the dynamics
of the polymerase during nucleotide selection. On the other
hand, chemical-quench kinetics and solution fluorescence ex-
periments have not yet provided the atomistic details of the con-
versions between the various states.
Previously, we performed unbiased molecular dynamics (MD)
studies on BF DNA polymerase I to characterize the fingers-
opening mechanism for the binary state (enzyme:DNA) (Miller
et al., 2014). In the present study, we have utilized a crystal struc-
ture we solved in the open, ternary state (enzyme:DNA:dNTP) to
computationally simulate the open to closed transition of DNA
polymerase I. We performed microsecond-timescale MD start-
ing from the closed (PDB: 1LV5) (Johnson et al., 2003) and newly
solved open (PDB: 4YFU) conformation of the Klenow fragment
of BF DNA polymerase. We have fully characterized the binding
process, including details of the key events involved in dNTP
recognition and closing of the fingers domain prior to catalysis.
Our simulations suggest binding of the second Mg2+ ion and
desolvation of the ligand remain as the final step in the closing
process that leads to nucleotide insertion. Finally, we identify a
histidine residue, His829, as a potential proton acceptor for the
30-OH that deprotonates to initiate catalysis.
RESULTS
X-Ray Crystal Structure
In an attempt to co-crystallize a G:dTTP mismatch, a BF D598A/
F710Y double mutant was mixed with DNA containing a deoxy-
guanosine at the template site and excess dTTP. The D598Amu-
tation facilitates the formation of a crystal in which the fingers
subdomain does not contact the polymerase in the neighboring
unit cell, thereby allowing the fingers to close readily (Johnson
et al., 2003). The F710Y mutation facilitates the incorporationd All rights reserved
Table 1. Data Collection and Refinement Statistics
BF,DNA(dG),dTTP (PDB: 4YFU)a
Data Collection
Space group P 21 21 21
Cell dimensions
a, b, c (A˚) 93.232, 108.101, 151.344
a, b, g () 90.0, 90.0, 90.0
Resolution (A˚) 44.68–1.50 (1.59–1.50)b
Rsym or Rmerge 0.063 (0.498)
I/sI 13.33 (2.79)
Completeness (%) 99.0 (96.2)
Redundancy 4.61 (3.38)
Refinement
Resolution (A˚) 44.68–1.50
No. of reflections 230,017
Rwork/Rfree 0.1950/0.2302
No. of atoms
Protein 9,301
DNA 876
Ligand/ion 80
Water 1,371
B factors
Protein 27.5
DNA 26.5
Ligand/ion 32.1
Water 39.0
Root-mean-square deviations
Bond lengths (A˚) 0.0237
Bond angles () 2.515
aDataset was collected from a single crystal.
bValues in parentheses represent highest-resolution shell.
Figure 2. Crystal Structure of BF DNA Polymerase I Bound to DNA in
the Open Conformation with dTTP in the Active Site
Interactions between dTTP and polymerase residues (Arg702, His682, Lys706,
Tyr710, and Tyr714 of protein chain A) are depicted using dashed lines. The
2FO-FC electron density map for the O-helix residues, template dG, and
incoming dTTP is shown in a blue mesh at 0.75s. Very little difference density
was observed in this region at 3.0s.of 20,30-dideoxynucleotides (Warren et al., 2006). The incorpora-
tion of a 20,30-dideoxythymidine prevented further nucleotide
addition and trapped the polymerase in a ternary (enzyme-
DNA-dNTP) complex. The resulting crystals had similar unit
cell dimensions as other ternary, closed BF crystals (Table 1),
but the polymerase enzyme conformation was open, not closed
(Figure 2). The electron density for the O helix and its side chains
was unambiguous (Figure 2), indicating that the enzyme adopted
only one observable conformation in the crystal. The crystal
structure also contained electron density along the open O helix
of both complexes in the asymmetric unit, although the density
for one complex (chains A, B, and C in PDB: 4YFU) was stronger
than the other (Figure 2). The electron density was consistent
with a dTTPmolecule that formed salt bridges between its nega-
tively charged triphosphates and conserved basic residues in
the N and O helices (His682, Arg702, and Lys706), similarly
seen with Klentaq1 DNA polymerase (Li et al., 1998a). The occu-
pancy of the dTTP attached to chain A was set to 0.75, resulting
in reasonable B factors of 28–44. Due to discontinuities in
the electron density, we did not build a dTTP substrate next to
the O helix of the second complex in the asymmetric unit
(chain D), although the density resembled that of the base andStructure 23, 1609–16triphosphate moieties of dTTP (data not shown). The mis-
matched thymine made one hydrogen bond with the conserved
Tyr714 in theO helix occupying the polymerase insertion site, but
no hydrogen bonds with the template guanine (Figure 2).
Closing Mechanism
This open ternary crystal structure serves as an ideal starting
point to simulate the closing process for DNA polymerase I
(steps 2.0 to 3 in Figure 1A). The new crystal structure
corresponds to step 2.0 in the model (Figure 1A) and provides
a starting point for simulating polymerase dynamics without
having to model diffusion of the substrate into the active
site. Prior to starting MD, we changed the incoming dTTP
to deoxycytidine triphosphate (dCTP), mutated Tyr710 back
to Phe710, mutated Ala598 back to Asp598, and added a
Mg2+ ion near the dCTP triphosphate, allowing our simula-
tions to begin from two different, but structurally consistent
states: EO,DNA,dNTP-Mg
2+ (open) and EC,DNA*,dNTP-Mg
2+
(closed). The EC,DNA*,dNTP-Mg
2+ simulation was used for
comparison with the initially open simulation. As shown in Fig-
ure 3, the initially closed structure does not undergo any large
conformational changes for the entire 1.8-ms simulation, sug-
gesting that this is a stable, closed structure we can use for
comparing with our initially open simulation. During our simula-
tion of DNA polymerase I beginning in the open conformation,
we observed the proper formation of the G-C base pair in the
active site followed by closing of the fingers subdomain (Movie
S1). We previously used the Pro699-Arg629 Ca distance and20, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1611
Figure 3. Dynamics of the Fingers Subdomain during MD Simulations Starting from the Closed and Open Conformations
Closed conformation, red; open conformation, blue.
(A) As measured using the distance between the Ca of Pro699 and Arg629.
(B) As measured using the angle between the Ca of Arg629, Gly711, and Asn700.
(C) As measured using the nucleophilic attack distance between the 30O on the terminal nucleoside from the primer strand and the Pa of the dCTP substrate.
(D) A histogram of the nucleophilic attack distances from the simulation started in the open conformation from 0–2 ms (red) and 0–3 ms (black), depicting the
sampling of the ‘‘mostly closed’’ conformation exclusively from 2–3 ms.
See Figure S1 and Movie S1 for more information.the angle between the Ca of Arg629-Gly711-Asn700 to measure
the relative conformation of the fingers subdomain (Figures S1A
and S1B). In addition, in this study we also measured the dis-
tance between the 30-OH of the terminal base on the primer
DNA strand and the Pa on the dCTP ligand involved in the nucle-
ophilic attack during catalysis (Figures 3C; Figure S1C). The his-
togram of this catalytic distance (Figure 3D) clearly shows three
distinct conformations being sampled during the full simulation
that began in the open conformation, although the state that
most resembles closed (‘‘mostly closed’’) is only sampled
between 2 and 3 ms. Despite the high mobility of the fingers
subdomain in the first 2 ms (Figure 3), several events occurred
during the simulation that allow us to pinpoint the order of key
steps along the closing pathway. In the crystal structure
(EO,DNA,dNTP), the dNTP ligand is involved in a hydrogen
bond with the phenol of Tyr714, while the template dG base re-
sides outside the active site (Figure 2). Shortly after the simula-
tion begins, Tyr714 moves away from the dCTP base and forms
a hydrogen bond and water salt bridge with the side chain of
Glu658. The template dG quickly replaces the space vacated1612 Structure 23, 1609–1620, September 1, 2015 ª2015 Elsevier Ltby Tyr714 in the active site and begins to form hydrogen bonds
with the dCTP ligand by rotating into the active site (Figure 4B).
This rotation of the template dG base is represented by step
2.1 in Figure 1A when the DNA changes conformations to form
DNA*. The hydrogen bonds between the dCTP ligand and the
template dG base hold the two nucleic acids together, but the
active site at this point is highly solvent exposed because the fin-
gers subdomain remains in an open conformation. Thus, the
dCTP-dG base pair is highly mobile and intermittently moves
outside the active site. During closure of the fingers domain, a
salt bridge forms between the side chains of Arg703 on the O he-
lix and Glu562 on the thumb subdomain, forcing the enzyme into
a partially closed conformation, EPC,DNA*,dNTP-Mg
2+ (Fig-
ure 4C), completing the details associated with step 2.1 in Fig-
ure 1A. This partially closed conformation is structurally distinct
from the previously observed ajar crystal structure of DNA poly-
merase. In particular, the ajar conformation is characterized by a
bend in the O helix at Gly711 and a partial rotation of the O helix
toward the closed state, while the partially closed state has
a more straightened O helix that rotates toward the thumbd All rights reserved
Figure 4. The Observed Closing Pathway
for DNA Polymerase I
(A) The open conformation as observed in the
herein described crystal structure prior to
running MD.
(B) The active site after 10 ns. dG has replaced
Tyr714 to form a Watson-Crick base pair.
(C) A partially closed conformation is observed at
96 ns, driven by the formation of a salt bridge
between Arg703 on the O helix and Glu562 in the
thumb domain.
(D) The mostly closed structure as observed at
2.5 ms of simulation after a sodium ion binds to
metal site A in the active site, coordinating with the
dCTP ligand and the 30-OH of the terminal dT
residue on the primer DNA strand.
Additional information is available in Figure S2 and
Movie S2.subdomain and then sideways toward the closed state (see prin-
cipal component analysis [PCA] below for more details). A
follow-up MD simulation began from the ajar DNA polymerase
I crystal structure (PDB: 3HT3) showed the fingers domain close
from 16 to 12 A˚ in >100 ns (Figure S2A). The relatively fast
transition to a more closed conformation suggested that the
ajar state is not stable in the presence of a Watson-Crick base
pair. Furthermore, a structural comparison between PDB:
3HT3 (ajar) and the conformations in our simulations initiated
from the open crystal structure resulted in an average root-
mean-square deviation (RMSD) of >4.0 A˚, and a minimum value
of 3.4 A˚. The relatively high RMSD values suggest that the ajar
conformation is not substantially sampled in the pathway from
open to closed. Thus, we designate this conformation between
open and closed as ‘‘partially closed’’ instead of ajar. As we pre-
viously suggested, the ajar conformation is likely unique to DNA
polymerase in the presence of a mismatched base pair in the
active site, which is supported by current simulations.
We also previously observed the formation of the Glu562-
Arg703 salt bridge during simulations of the fingers-opening pro-
cess for the binary structure, and hypothesized the salt bridge
also played a role in closing (Miller et al., 2014). As we hypothe-
sized, the salt bridge appears to play a key role in bringing the
fingers and thumb subdomains closer together, assisting the
closure of the fingers subdomain around the newly formed
dCTP-dG base pair. The fingers domain interconverts between
open and partially closed conformations multiple times until a
sodium ion enters the active site and binds to metal site A after
2 ms (Figure 3), representing the reversibility of step 2.1 in Fig-
ure 1A. Upon Na+ binding, the O helix and fingers subdomainStructure 23, 1609–1620, September 1, 2015 ªclose, decreasing the nucleophilic attack
distance to within 4 A˚ (Figure 4D). This
suggests that our simulation sampled
the transitions between steps 2.2 and 3
in the model depicted in Figure 1, except
with a sodium ion replacing the second
magnesium ion. Previous stopped-flow
fluorescence assays suggested that un-
der conditions of lowMg2+ concentration,
different metal ions can bind to metal siteA such as the sodium we observe binding in our simulation (Ber-
mek et al., 2011). The enzyme remains in amostly closed confor-
mation until the Na+ dissociates from metal site A after 3.1 ms,
causing the polymerase to re-enter the open conformation. The
enzyme appears mostly closed and very stable for the 1.1-ms
timeframe with Na+ in metal site A of the active site. We believe
the sodium ion dissociates in our simulation because it is inher-
ently unable to form the octahedral 6-coordination geometry
Mg2+ would typically form in vivo to fully stabilize the active
site. Furthermore, our mostly closed conformation is structurally
different than the closed crystal structure (PDB: 1LV5) because
the mostly closed state does not have a fully desolvated active
site (Figures S2B and S2C) and the conformations of several
amino acids in the active site of our simulation are distinct from
those present in the closed crystal structure. We hypothesize
that if the Na+ in metal site A had been a Mg2+, we would have
observed these changes necessary to fully close the active
site. We performed a short follow-up simulation to test this
theory, described in more detail in the Discussion.
PCA was performed to further describe the dominant motions
of DNA polymerase I during the closing process. The top four
modes, comprising 68% of the total movement during the simu-
lation (Figure S3), were characterized in detail (Figure 5), and
confirm our understanding of polymerase motion garnered using
the metrics shown in Figure 3. Each mode was described using
its three dominantmotions, which always involved a region of the
thumb, palm, and 30/50 exonuclease, and fingers domain. Inter-
estingly, in all modes the movement of the N-terminal tail (13
amino acids) of the 30/50 exonuclease domain in the Klenow
fragment appears to be correlated with the major motions of2015 Elsevier Ltd All rights reserved 1613
Figure 5. Descriptions of the Major Prin-
cipal Components in the Closing Simulation
of DNA Polymerase I
The major motions (represented by the largest
atomic fluctuations for each component) for each
subdomain (P, palm + exonuclease; T, thumb;
F, fingers) are shown by red arrows for (A) principal
component 1, (B) principal component 2, (C)
principal component 3, and (D) principal compo-
nent 4. The palm + exonuclease (cyan), thumb
(blue), fingers (green), and O-helix (yellow) regions
of DNA polymerase and DNA strand (gray) are
shown using ribbon representations. For clarity,
a partially closed conformation of the fingers
domain is shown to aptly depict both the opening
and closing movement of the polymerase. Fig-
ure S3 shows the eigenvalues for each mode. See
also Movie S4.the fingers and thumb subdomains. This potentially correlated
movement may affect the experimental rate of dNTP incorpora-
tion in vitro, but in vivo this region would be connected to the
large 50/30 exonuclease domain of DNA polymerase not pre-
sent in the Klenow fragment. In the first principal component
(Figure 5A), the O helix and fingers subdomain movement corre-
spond to the final closing event after the Na+ binds tometal site A
in the active site, while the thumb domain moves slightly away
from the fingers domain. The second (Figure 5B) and third
(Figure 5C) principal components represent DNA polymerase
opening with the thumb and fingers domain moving in opposite
directions. Finally, the fourth principal component (Figure 5D),
similar to the first component, describes motion related to the
closing of DNA polymerase around the active site. Specifically,
the O helix and fingers subdomain are moving in the direction
of the dNTP. Further PCA was performed on only the first 2 ms
of simulation time (when the polymerase was frequently fluctu-
ating between open and closed), with the data showing that
the top two principal modes corresponded to the opening
(similar to Figure 5B) and closing motions (similar to Figure 5D),
respectively. Lastly, PCA was performed on the trajectory from
1.5 to 2.5 ms (representing the major closing event when Na+
binds to metal site A), and the vectors representing the closing
motion were observed as the second principal component
(similar to Figure 5D). PCA confirmed the trends for DNA poly-
merase motion we originally captured using distance and angle
measurements (Figure 3).
DISCUSSION
Open Ternary Complex: Crystallographic Studies
Although the stepwise mechanism of DNA polymerase I has
been worked out over decades of crystallographic and solution
studies (Figure 1A) (Bermek et al., 2011, 2013; Hohlbein et al.,1614 Structure 23, 1609–1620, September 1, 2015 ª2015 Elsevier Ltd All rights reserved2013; Johnson, 2010; Joyce, 2010; Joyce
and Benkovic, 2004), understanding the
dynamics of the system has not been
achieved at the atomic scale. MD simula-
tions now stand ready to fill the gaps in
our understanding of a large protein-DNA complex such as DNA polymerase I, but finding a proper
starting point for the simulation was not obvious. Golosov et al.
(2010) chose to model DNA translocation in DNA polymerase
based on a closed ternary complex using targeted MD, whereas
we have previously modeled the polymerase transitioning from
closed to open in a binary complex using unbiased simulations
(Miller et al., 2014). These simulations did not include a critical
component of the DNA synthesis reaction, the nucleotide. For
us to properly model the transition from open to closed, the
nucleotide must be properly positioned in the open ternary
complex.
Here, we report the crystal structure of Bacillus fragment in an
open ternary complex (EO,DNA,dNTP). Crystal structures of
dNTPs bound to DNA polymerase I without primer-template
DNA have been described before (Beese et al., 1993; Li et al.,
1998a). These structures show the polymerase in an open
conformation with a nucleotide bound along the O helix. Li
et al. (1998b) crystallized and solved the structure of a
KlenTaq1-DNA-dideoxyCTP (ddCTP) ternary complex in the
open conformation (PDB: 2KTQ) after soaking the crystal in a
ddCTP-free solution for 5 days, but the ddCTP occupancy was
low. In PDB: 2KTQ, the ddCTP nucleotide appeared close to
the palm subdomain but dissociated from the O helix in the fin-
gers subdomain. Although this structure represents an open
ternary complex, it is likely the result of a mixture of a small frac-
tion of closed ternary and mostly open binary complexes pro-
duced by partially soaking out the ddCTP (Li et al., 1998b).
Bacteriophage T7 DNA polymerase, which is homologous to
bacterial DNA polymerase I enzymes, was crystallized with
DNA containing a cis-syn thymine dimer in the template and
a ddATP in an open ternary complex (Li et al., 2004). The ddATP
was bound along the O helix in this structure, but the diffraction
resolution was relatively low (3.2 A˚), giving few details of the
open ternary complex outside of backbone conformation
(PDB: 1SL0). Bacteriophage T7 RNA polymerase, also structur-
ally homologous to bacterial DNA polymerase I, has been
captured in an open ternary complex with a DNA:RNA duplex
and an ATP analog base paired to a template dT (Temiakov
et al., 2004), but the resolution was also relatively low (3.2 A˚).
Our open ternary complex was solved at high resolution
(1.5 A˚), allowing us to unambiguously assign the coordinates of
all non-hydrogen atoms in and near the active site (Figure 2).
The location of the dTTP in our open ternary complex is similar
to that of dNTPs bound to polymerase without DNA. The resolu-
tion of the data allowed us to locate the side chains of conserved
basic residues in the N and O helices (His682, Arg702, and
Lys706), which were within hydrogen-bonding distance of the
triphosphate, and to start our MD simulations with confidence
in the starting coordinates.
We note that our open ternary crystal structure has minor
changes compared with a wild-type EO,DNA,dNTP complex.
The mutation of F710Y is known to increase the propensity of
the polymerase to incorporate 20,30-dideoxynucleotides by re-
placing the hydrogen bond between Glu658 and the 30-hydroxyl
with a hydrogen bond between Glu658 and the tyrosine 710 hy-
droxyl (Wang et al., 2012). Addition of 20,30-dideoxythymidine
triphosphate (ddTTP) opposite G in the active site produces a
ternary complex with a G:T wobble pair and the BF D598A/
F710Y mutant polymerase in the ajar conformation (Wu and
Beese, 2011). In our open ternary complex, the dTTP does not
form a base pair with the template G, and the BF D598A/
F710Y mutant polymerase adopts the open conformation. The
major difference in our crystal structure is the presence of the
30-hydroxyl of the dTTP together with the hydroxyl of the tyro-
sine. We speculate that the potential steric clash between the
two hydroxyls inhibits the proper orientation of the deoxyribose,
thereby destabilizing the wobble base pair. The inability of the
template G to form a stable base pair with dTTP in this mutant
polymerase complex leaves the polymerase in the open confor-
mation. The affinity of the polymerase for a dNTP not matched to
a template would be relatively low, but the concentration of dTTP
in the crystal drop was apparently high enough to occupy most
of the polymerases in the crystal. In this open state, the triphos-
phate of the bound dTTP still forms hydrogen bondswith His682,
Arg702, and Lys706 of the O helix, but appears slightly more
extended compared with a bound dNTP in the BF closed ternary
complex (PDB: 1LV5). The phosphate oxygens are too far away
from each other (interatomic distances of 3.2, 3.2, and 3.8 A˚) to
properly chelate an Mg2+, and no electron density was observed
for a divalent cation near the dTTP. To properly simulate a wild-
type EO,DNA*,dNTP-Mg
2+ complex, we removed the clashing
oxygen from residue 710, in silico mutated Ala598 back to the
wild-type Asp598, changed the dTTP to a dCTP, added a
30-OH to the terminal nucleotide on the primer DNA strand,
and added an Mg2+ near the triphosphate.
Sequence of Prechemistry Events: Molecular Dynamics
Previous discussions in the literature about the rate-limiting step
(RLS) for DNA polymerase catalysis have been inconclusive.
However, many suggest that the RLS step for DNA polymerase
I catalysis is a non-chemistry step that involves a reorganization
of the enzyme. Initially, this non-chemistry step was believed to
be the closing of the fingers subdomain during dNTP binding andStructure 23, 1609–16recognition (step 2.2 in Figure 1A), but recent kinetics studies
have shown the closing process to be much quicker than the
rate of nucleotide incorporation (Joyce et al., 2008; Rothwell
et al., 2005). Our classical simulations are unable to examine
catalysis, but the results of our simulations do suggest an order
of events for the structural reorganization necessary prior to
catalysis (Figure 6). Our proposed pathway for DNA polymerase
closing is shown in Figure 6. Our pathway is consistent with the
initial steps originally proposed by Hohlbein et al. (2013) (Fig-
ure 1A); however, our simulation following the closing process
adds more details to this pathway. The initial contact between
the template base and the cytosine of the incoming nucleotide
occurs within 10 ns of the start of the simulation in the insertion
site as the side chain of Tyr714 rotates away (Figure 4B). Many
conformations between the open and partially closed states in
the dNTP binding process are frequently sampled, suggesting
they have a low energy barrier (see for instance the simulation
starting from the open structure in Figure 3A from 0–2 ms) during
our simulation. Once the dG-dCTP base pair forms in the inser-
tion site early in the simulation (Figure 4B), the bases do not
separate again, but do frequently move in and out of the insertion
site as a pair. Temiakov et al. (2004) also observed formation of a
Watson-Crick base pair outside of the insertion site in an open
ternary complex of T7 RNA polymerase, indicating that base
pair contact does not have to occur in the insertion site. Our
simulation suggests that the stability of the nascent base pair
is tested very early during the nucleotide selection process,
both in and out of the insertion site. The fingers subdomain is
highly mobile after base pair formation, transitioning many times
between the open and partially closed conformations while the
Arg703-Glu562 salt bridge (Figure 4C) forms each time the
enzyme nears the partially closed conformation. In fact, lifetime
analysis based on the nucleophilic attack distance shows
short average lifetimes for both the open (1.0 ns) and partially
closed (1.4 ns) conformations. The fingers subdomain remains
dynamic until a Na+ binds to metal site A in the active site
(Figure 4D) and partially desolvates the active site, resulting in
near closure of the enzyme around the ligand in preparation for
catalysis. This observation is contrary to previous stopped-
flow fluorescence assays that suggest closing of the fingers
domain precedes binding of a cation to metal site A (Bermek
et al., 2011). Biologically, a second Mg2+ ion would bind to metal
site A as shown in step 2.2 of Figure 6, forming the complex
EC,DNA*(30-OH),dNTP-(Mg
2+)2. Our initial simulation showed
this conformation as mostly closed because reorganization
and desolvation of the active site were necessary to reach fully
closed. However, we believe this mostly closed state was only
observed because the metal site A ion was a sodium, not an
Mg2+ that would bind in vivo. We performed a short follow-up
simulation began from this mostly closed conformation, except
that the Na+ in metal site A was replaced by an Mg(II) in silico.
In this short simulation (<100 ns), we observed the active site
close around the magnesium ions in metal sites A and B, forming
the expected coordination with polymerase residues Asp653
and Asp830 (Figure S4). In addition, the residues around the
Mg2+ in metal site A rearranged to form an octahedral geometry,
instead of the trigonal bipyramidal geometry of the original so-
dium ion. The observed rearrangement in the active site residues
resulted in an RMSD of 1.0 A˚ relative to the active site residues in20, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1615
Figure 6. Proposed Pathway of the Prechemistry Steps Involved in the Closing of DNA Polymerase Induced by dNTP Binding Based on Our
Simulations
(A) Our proposed pathway based on the results of our MD simulations. Nomenclature is similar to that of Figure 1A.
(B) The structure of the active site prior to ion binding to metal site A, including His829 in the initially ‘‘up’’ conformation.
(C) Upon binding of a cation (Na+ as shown) to metal site A, His829 undergoes a rotation of the imidazole side chain used to deprotonate the 30-OH of the primer
DNA strand. A second divalent magnesium ion typically occupies this site in the two-metal-ion catalytic mechanism of DNA polymerases.
See Figure S4 for a depiction of the fully closed active site corresponding to E*C,DNA*(30-OH),dNTP-(Mg
2+)2. For more details see Movie S5.the closed crystal structure (PDB: 1LV5), suggesting that the
binding of a Mg(II) to metal site A would induce full closure of
the polymerase active site. Thus, our proposed pathway for
the prechemistry events for DNA polymerase does not include
the mostly closed conformation, since binding of the second
magnesium(II) should induce full closure of the fingers domain
(EC,DNA*(30-OH),dNTP-(Mg
2+)2).
After the second cation binds to the active site in the simula-
tion started from the open crystal structure, we observed a rota-
tion of the side chain of His829 (step 2.3 in Figure 6), whereby the
deprotonated nitrogen on the imidazole coordinated the metal-
occupying site A (Figures 6B and 6C). The rotation of His829 in-
volves a reorganization of the active site, represented by E*C in
Figure 6. As described in more detail below, the position of
His829 places the imidazole in an ideal location to deprotonate
the 30-OH on the terminal nucleotide of the primer strand (Fig-
ure 6C), represented by step 2.4 in Figure 6A. At this point in
the pathway, His829 has abstracted the proton from the 30-OH
and the now positively charged histidine side chain would be
repelled by the nearby cation in metal site A. The Coulombic
repulsion would likely force His829 back into its original location
away from metal site A (step 3 in Figure 6), which is consistent
with the 1LV5 (closed) crystal structure. The nucleophilic oxygen
on the primer strand, which would now be negatively charged,
coordinates to the Mg2+ in metal site A, and is positioned directly
above the Pa of the dNTP prepared for catalysis. After step 3, the
polymerase is fully closed and ready for the catalytic reaction to
proceed.
Our simulation results are supported by previous fluorescence
resonance energy transfer (FRET) assays suggesting that the1616 Structure 23, 1609–1620, September 1, 2015 ª2015 Elsevier Ltmovement of the fingers subdomain for DNA polymerase I is
rapid (Rothwell et al., 2005). The closed conformation had a life-
time of 1.2 ms, suggesting that this configuration is relatively
more stable than the open (1.0 ns) and partially closed (1.4 ns)
conformations in the ternary state, which is consistent with sin-
gle-molecule FRET assays (Hohlbein et al., 2013). The observed
binding of Na+ to metal site A in this simulation was the first and
only instance of a Na+ entering metal site A, suggesting a metal
ion (Na+ or Mg2+) binding event is a key step to complete closure
of the enzyme prior to catalysis. The binding of the second metal
ion also induces a reorganization of the amino acids in the active
site prior to catalysis (step 2.2 in Figure 6), similar to previous
crystal structures of human DNA polymerase b by Batra et al.
(2006). This last observation is also consistent with experiments
suggesting that catalysis is associated with the binding of a sec-
ond metal in the active site, which activates catalysis in DNA po-
lymerase I (Joyce et al., 2008). There is also evidence for similar
behavior in DNA polymerase b (Bakhtina et al., 2005; Zhong
et al., 1998). Our simulations give the first atomistic description
of the prechemistry steps of DNA polymerase I catalysis.
All simulations were started with an Mg2+ ion near the dCTP
triphosphate and no ion in site A. Despite the lack of a cation
in metal site A of PDB: 1LV5 (closed), the simulation that begin
in the closed conformation remained fully closed during the
simulation. Upon close examination, we observed an Na+ ion
entering metal site A during the initial minimization phase of the
closed simulation. This sodium ion remains bound to the active
site for the entire simulation (nearly 2 ms) and helps maintain
the fully closed conformation (EC,DNA*,dNTP-Mg
2+-Na+) in
this simulation from start to finish.d All rights reserved
Figure 7. Surface of DNA During Sodium Ion Binding to Metal Site A
Surface of DNA during MD showing the breaking of a Watson-Crick (A-T) base
pair allowing a sodium ion to traverse a path through the DNA and into the
active site toward metal site A. See Figure S5 for all proposed pathways for
Mg2+ binding to metal site A. One pathway can also be observed in Movie S3.As suggested in Figure 1A, the specific details of the second
Mg2+ binding to the active site are currently unknown. Our trajec-
tories suggest the likelihood of multiple pathways for Mg2+ bind-
ing to metal site A. We observed Na+ bind to metal site A during
the minimization phase of the initially closed simulation. In the
simulation initiated from the open structure, we observed so-
dium bind once and later dissociate from the site. Each of these
events occurred in a unique manner, which provides some
insight into the possible binding pathways for an Mg2+ ion into
this site (Figure S5). During the minimization of the closed crystal
structure, the Na+ that binds to metal site A traversed a path
across the triphosphate of dCTP and near the Mg2+ in site B
(Movie S2). This binding pathway is logical since the cation
would naturally be attracted to the negative charge of the
triphosphate initially, and then could be directed to site A by
the local environment. The Na+ binding event in the simulation
that begins in the open conformation (EO,DNA*,dNTP-Mg
2+) is
intriguing because it involved the breaking of the n-1 base pair
in the DNA strand. The sodium ion moved freely in solution until
it began interacting with the terminal A-T base pair between the
template and primer strands. After a short time interacting with
the base pair the hydrogen bonds between the A and T bases
broke, creating a hole in the surface of the DNA large enough
for the Na+ ion to move through the double-stranded DNA and
into the polymerase active site (Figure 7). Once in the active
site, the sodium ion positioned itself into metal site A where it re-Structure 23, 1609–16mained for 1.1 ms (Movie S3). This pathway seems less likely if
the n-1 base pair is a G-C base pair, since more energy would be
required to break the hydrogen bonds between the base pairs,
but appears plausible in the presence of an n-1 A-T base pair.
The final pathway we observed was the dissociation of Na+
from the active site in the simulation began from the open confor-
mation. During the dissociation, the Na+ broke its coordination
with the Pa of dCTP and the 30-OH of the terminal primer strand
base, and began to exit site A. The structural destabilization
caused by the dissociation of the Na+ resulted in the fingers sub-
domain quickly reopening at 3.1 ms, making the active site
more solvent accessible. The sodium was able to move out of
the active site by traversing a path along the surface of the
enzyme (Movie S4) lined by the three acidic amino acids that
had been coordinated to the Mg2+ in metal site B (this coordina-
tion was also severed when the fingers subdomain opened). This
dissociation pathway would also be a possible binding pathway
if the cation destined for metal site A began associating with the
active site during the closing process instead of after the active
site was already mostly closed.
Deprotonation of Primer 30-OH
The first chemical step that initiates DNA polymerase catalysis
involves the deprotonation of the 30-OH of the terminal nucleic
acid on the primer DNA strand. All classes of nucleic acid
polymerases utilize a general acid during nucleotide insertion
(Castro et al., 2009), but different DNA polymerases appear
to use different mechanisms for 30-OH deprotonation. Quantum
mechanics/molecular mechanics studies revealed that DNA
polymerase b preferentially employs an aspartate residue to
accept the proton (Lin et al., 2006), while DNA polymerase IV
uses water molecules for the same task (Wang and Schlick,
2008). The literature is still undecided on the identity of the pro-
ton acceptor for DNA polymerase I. Our simulations provide
support for His829 to play this role in BF DNA polymerase. In
known crystal structures the side chain of His829 is positioned
10 A˚ away from the nucleophilic 30-OH, which explains the
lack of support for His829 as the proton acceptor. In our simu-
lation of the closing process starting from the open conforma-
tion, the His829 side chain underwent a spontaneous rotation
toward the polymerase active site upon Na+ binding to site A
(Figures 6B and 6C, Movie S5). Once in the active site, the
deprotonated nitrogen on the imidazole coordinated to the so-
dium ion for 600 ns. The rotation of His829 in the active site
provides details to the steps involved in binding of the second
metal ion shown in Figure 1A. Prior to the Na+ dissociating from
metal site A at 3.1 ms, the histidine became uncomplexed from
the sodium, but remained near the active site and did not re-
turn to its initial conformation. Finally, after the Na+ dissociated,
the deprotonated nitrogen on the imidazole occasionally
hydrogen bonded with the 30-OH of the terminal base on the
primer DNA strand. The pKa of the imidazole side chain allows
for protonation of this nitrogen at physiological conditions,
making it an ideal candidate to accept the 30-OH proton and
initiate catalysis. We hypothesize that the inability of our clas-
sical simulation to model 30-OH deprotonation by His829 con-
tributes to the dissociation of Na+ from metal site A, which will
likely not occur in the biological system where the next step is
catalysis.20, September 1, 2015 ª2015 Elsevier Ltd All rights reserved 1617
Previous experimental work has identified this highly con-
served histidine in DNA polymerases as unique and important
for catalysis. In particular, crystal structures show the 4 and c
backbone dihedral angles of His829 (or the equivalent residue
number in other polymerases) are highly unusual (4 z 70,
c z 50), suggesting that this residue crystallizes in a poten-
tially strained position. Our simulations corroborate this hypoth-
esis, since we observe the histidine to spontaneously change
conformation from its initial position in the crystal structure
upon Na+ binding to metal site A. In addition, kinetics assays
of the equivalent histidine-to-alanine mutation in Escherichia
coli DNA polymerase I reported a 10-fold decrease in the cata-
lytic rate constant (kcat), suggesting that the histidine has a role
in catalysis (Polesky et al., 1990). The His/Ala mutation did
not completely destroy catalysis, which implies that the histidine
is not the only potential proton acceptor. Similar to amino acids
in other nucleic acid polymerases, His829 may serve to enhance
catalysis, but in the absence of this histidine the enzyme is likely
to utilize water molecules to deprotonate the 30-OH. Our simula-
tions and the relative decrease in the experimental kcat uponmu-
tation suggest that His829 plays a role in catalysis, most likely as
the 30-OH proton acceptor that initiates catalysis. Quantum cal-
culations that should shed further light on this important step are
currently under way in our laboratory.
Conclusions
Knowing the structure and dynamics of DNA polymerase im-
proves our understanding of DNA replication and potentially im-
proves our use of PCR by providing useful information that could
be utilized to design more efficient polymerases. We detail the
first high-resolution crystal structure of DNA polymerase I in
the open conformation with a dNTP ligand in the active site
(PDB: 4YFU) and use that structure to perform long-timescale
MD to simulate the closing of the fingers subdomain in BF
DNA polymerase I. We have fully characterized the closing pro-
cess on the atomic level and have determined the order of pre-
chemistry steps concluding with the binding of a second cation
tometal site A, which helps desolvate the ligand in the active site.
We propose three pathways for Mg2+ binding to metal site A,
based on observed association and dissociation routes in our
simulations. Finally, we identified His829 as a potential proton
acceptor for the 30-OH on the terminal nucleotide on the primer
DNA strand that initiates catalysis. These results illuminate
several aspects of the dNTP binding process for DNA polymer-
ase I that were previously unknown.
EXPERIMENTAL PROCEDURES
X-Ray Crystallography of Bacillus Fragment DNA Polymerase I
Ternary Complex
Procedures for crystallizing BF with DNA and dNTP were performed as
previously described (Wu and Beese, 2011). In brief, a D598A/F710Y double
mutant DNA polymerase I from BF large fragment was mixed with excess
annealed oligonucleotides (template 50-GAGCGAGCATCATG-30 and primer
50-CATGATGC-30) and 1mMddTTP, which prevents incorporation of more nu-
cleotides into the primer chain. After 30min at room temperature, 20-deoxythy-
midine triphosphate (dTTP) was added to 5 mM final concentration. The
ternary complex was crystallized at 17C over a MES (pH 5.8)-buffered
solution of 50% saturated ammonium sulfate in a hanging drop. Crystals
were cryoprotected in a sucrose solution containing dTTP before freezing in
liquid nitrogen. Diffraction data were collected using 1.00-A˚ radiation at the1618 Structure 23, 1609–1620, September 1, 2015 ª2015 Elsevier LtAdvanced Photon Source, beamline 22-ID (Argonne, Illinois), and indexed, in-
tegrated, and scaled using XDS (Kabsch, 2010). Structure was solved using
rigid body refinement of PDB: 2HVI (Warren et al., 2006) as a model, refined
using Refmac5, and rebuilt in Coot (Emsley et al., 2010). The final refined struc-
ture contained 98.1% of protein residues in favored regions, 1.9% in allowed
regions, and zero outliers of the Ramachandran plot.
Molecular Dynamics Simulations
Microsecond-timescale classical MD simulations were performed on BF DNA
polymerase I starting from the open (PDB: 4YFU, 3.2 ms) and closed (PDB:
1LV5, 1.8 ms) structures. For the open conformation, the dNTP was in silico
mutated to a dCTP (from a dTTP) prior to the simulation to create a Watson-
Crick G-C base pair in the active site. Also prior to MD, both PDBs were
in silico mutated to the wild-type sequence, removing any mutations used
for crystallization. The starting structures for the two simulations represent
different stages depicted in Figure 1A: (1) step 2.0 after dNTP-Mg2+ binding
but prior to entering the EPC conformation, and (2) EC,DNA*,dNTP-Mg
2+
(closed). Atomic charges for dCTP were calculated using the R.E.D. server
for deriving ligand charges used in MD simulations (Bayly et al., 1993; Dupra-
deau et al., 2010; Frisch et al., 2009; Vanquelef et al., 2011). Using the PDB:
1LV5 (closed) DNA polymerase crystal structure as a model, a magnesium(II)
was placed near the triphosphate of the dCTP in 4YFU (open) prior to simula-
tion to mimic the complex structure after dNTP binds (see step 2.0 of Fig-
ure 1A). No ion was placed in metal site A to begin either simulation.
Magnesium ion parameters were obtained from Allne´r et al. (2012). Each struc-
ture was neutralized with sodium ions and simulated using periodic boundary
conditions in a truncated octahedron filled with explicit water molecules for a
total of 80,000 atoms per unit cell, yielding ion concentrations of 1.9 mM
Mg2+ and 60 mM Na+. All trajectories were simulated using the GPU-accel-
erated version of the Amber 14 MD software package (Walker et al., 2013) and
the Amber ff12SB force field using the same procedure as previously
described for the opening process (Miller et al., 2014). Simulations were visu-
alized and analyzed using VMD (Humphrey et al., 1996) and cpptraj (Roe and
Cheatham, 2013), respectively.
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